In this study we demonstrate that 
Introduction
The group 1 allergen of house dust mite {Dermatophagoides pteronyssinus, HDM) is a major target of the IgE response in HDM atopic individuals (1) and allergen-specific CD4 + T cells play a central role in the regulation of allergic inflammatory responses (e.g. 2, 3) . From several experimental models there is evidence to suggest that it is possible, using allergens or their derivatives, to modulate the function of specific CD4 + T cells (e.g. [4] [5] [6] . Although a significant proportion of naturally processed peptides bound to MHC class II molecules are derived from self antigens (7) (8) (9) (10) , the peripheral T cell repertoire remains unresponsive to self. Such observations have generated interest in the potential of certain peptides derived from self molecules, such as MHC class II, to inhibit T cell recognition of foreign antigens (e.g. 11). This prompted us to investigate the efficacy of a non-immunogenic I-A b binding peptide, i.e. the invariant (li) chain derived CLIP peptide, in down-regulating murine immune responses to HDM allergens, as an alternative approach to using derivatives of HDM.
Newly synthesized MHC class II a and (3 chains associate in the endoplasmic reticulum (ER) and form complexes with the li chain. The li chain molecule contains signal sequences that guide nascent MHC class II to the appropriate endosomal compartment (12, 13) and prevents the binding of endogenous peptides in the ER (14) (15) (16) . The li chain is removed from the MHC class II molecule by stepwise proteolysis to allow the acquisition of peptides. This results in the generation of a series of nested CLIP peptides, which are encoded by the third exon of the li chain gene (17) . CLIP peptides have been eluted from a subset of murine and human class II MHC molecules, and appear to bind to a marked proportion of the intracellular pool of MHC class II molecules (7) (8) (9) (10) 18) . CLIP can bind to MHC class II molecules in wfrowith similar binding kinetics to traditional antigenic peptides (19) . Furthermore, the recent resolution of the crystal structure of CLIP-HLA-DR3 complexes (20) shows that CLIP occupies the antigen binding groove in a manner almost identical to that of a peptide antigen. Relatively high levels of CLIP-MHC class II complexes can be detected on the surface of human B lymphoblastoid cell lines (21) . However, it remains to be established whether such complexes reach the cell surface of normal cells. If they do, it appears that they fail to induce T cell responses in the periphery either because they are not present in sufficient density or the peripheral T cell repertoire is tolerant to them. Consequently, immunizing mice with murine CLIP has failed to induce T cell responses (22) , whereas specific T cells can be primed in mice with human CLIP (23). Mimicry between self and foreign antigens has been mooted as a potential mechanism for breaking self tolerance leading to the development of autoimmunity (e.g. 24, 25) . The observation that peptide analogues, derived from common human pathogens, can act as molecular mimics for autoreactive human CD4 + T cell clones specific for myehn basic protein (MBP) supports this hypothesis (26) . However, the converse may also hold true, i.e. that peptides derived from self antigens may have the capacity to activate memory T cells already primed to foreign antigens. By the variation in sequence these self derived peptides may function as partial agonists or altered T cell ligands. It appears that variants of self peptides may arise naturally in vivo and thus have the potential to influence the selection of the repertoire (e.g. 27, 28) . Changes in the affinity of TCR-ligand interactions can modify the effector function of mature T cells, and the state of T cell differentiation may also influence both quantitative and qualitative aspects of signals delivered by altered T cell ligands (29) (30) (31) (32) (33) (34) ).
Here we report that a peptide located in the N-terminus of Der p 1, p15-29, shares a high degree of sequence homology to the CLIP peptide. CD4 + T cells primed in vivo with Der p 1 respond to the HDM peptide but also to murine CLIP. T cell responses to CLIP or p15-29 could not be induced by immunizing with the murine CLIP peptide or with an irrelevant foreign antigen. The cross-reactivity was further investigated using oligoclonal T cell lines, T cell clones and hybridomas, isolated from Der p 1 primed mice, and we demonstrate that p15-29-reactive CD4 + T cells can be induced to proliferate, in the absence of exogenous peptide, by the addition of increasing numbers of spleen cells from normal H-2 b mice. We propose that CLIP acts as a weak agonist for the Der p 1-specif ic T cells through molecular mimicry rather than acting as an altered T cell ligand. The ability of self peptides to perpetuate responses to allergen-derived peptides is relevant, not only in the pathogenesis of allergic inflammation, but also in the development of immunotherapy.
Methods

Mice and cell lines
C57BL/6J female mice were purchased from Harlan (Chester) UK at 6-8 weeks of age and maintained under conventional conditions. C57BL/6J mice homozygous or heterozygous for a disruption of the Invariant chain gene were a kind gift from Drs D. Mathis and C. Benoist (IGBMC, Strasbourg, France), and have been described elsewhere (35) . The BW 5147 (TCRap~" /~) fusion partner was a kind gift from Dr H. Bodmer (Nuffield Department of Clinical Medicine, Oxford, UK). The ovalbumin (OVA) 323-339 specific T cell hybridoma BO 17.10 was a kind gift from Dr C. Hauser (Department of Dermatology, Hospital Cantonal Universitaire, Switzerland).
Immunization
Mice were primed s.c. at the base of the tail with 50 ng of antigen in complete Freund's adjuvant (CFA; Sigma, St Louis, MO). Periaortic and inguinal lymph nodes were collected 8-10 days post immunization, teased with frosted glass slides and washed The single cell suspension was used in proliferation assays or for long-term culture.
Antigens and antibodies
Der p 1 protein was affinity purified from spent mite medium as described previously (36) . Peptides were synthesized by standard solid phase methods, on an ABI 431 peptide synthesizer (Foster City, CA), using F-moc chemistry. Peptides were based on the sequences of: Der p 1 (p 15-29, p113-127 and p111-139), the murine li (murine CLIP residues 82-104), the human li (human CLIP residues 99-122 ) and the l-A b -restricted OVA peptide 323-339 (37) (38) (39) (40) .
Culture medium
Cells were cultured in RPMI 1640 supplemented with 5% FCS, 2 mM L-glutamine, 100 lU/ml penicillin, 100 ng/ml streptomycin (Gibco, Grand Island, NY) and 50 mM 2-mercaptoethanol (Sigma, St Louis, MO).
Isolation of long-term Tcelllines, T cell clones and hybridomas
Lymph node cells from Der p 1 primed mice were cultured at 3X10 6 cells/ml with 10 u.g/ml Der p 1 (line F2.2) or p111 -139 (line F1) in 1.5 ml final volume in 24-well plates (Nunc, Roskilde, Denmark). T cells were then re-stimulated several times in 25 cm 2 vented culture flasks (Costar, Cambridge, MA) every 10-14 days with 5 |ig/ml p111-139 (F1) or 10 ng/ ml Der p 1 (F2.2) at a 1:30 ratio of T cells to antigen-presenting cells (APC; C57BL/6J spleen cells irradiated with a dose of 2500 rad)
Resting T cells from a Der p 1-specific long-term T cell line were cloned by limiting dilution with the peptide p 15-29, 5X10
5 APC/well and 20 ng/ml human recombinant IL-2 (Biogen, Boston, MA). Selected clones were subcloned by limiting dilution on either p15-29 or murine CLIP as above. Der p 1-specific T cell hybridomas were generated by polyethylene glycol (Sigma)-induced fusion of Der p 1-specific T cell clones and lines with the BW 5147 (TCRa/P" 7 ") fusion partner and selecting with HAT medium (Sigma).
Proliferation and cytokine assays
Lymph node cells from primed mice were cultured at 2.5x 10 [H]-Thymkfne incorporation (x10 cpm)
-3
[H]-Thymidine incorporation (x10 cpm) IL-2 was measured in culture supernatants using the IL-2-dependent cell line CTLL-2. Briefly, 5000 cells in 50 nl medium were cultured in the presence of 50 \i\ supernatant for 24 h. Cells were pulsed for 6 h with 0 5 ^Ci [ 3 H]thymidine/well and proliferation was determined as above. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and to murine CLIP Prior to investigating the efficacy of CLIP in the modulation of HDM-specific T cell responses, we assessed the ability of this peptide to induce polyclonal T cell responses in H-2 b mice primed with Der p 1. Regional lymph node cells from mice immunized with Der p 1 were tested in vitro with increasing concentrations of HDM-derived antigens or murine CLIP. T cells respond in a dose-dependent manner to intact Der p 1, a peptide containing the immunodominant CD4-restricted Der p 1 epitope (p110-131) and to murine CLIP (Fig. 1A) . The CLIP peptide is not mitogenic since it fails to stimulate proliferative responses or IL-2 production in T cells from naive H-2 b mice (data not shown) or mice immunized with OVA, an unrelated antigen (Fig. 1B) . Although Der p 1-induced T cell responses can be recalled by stimulation with the CLIP peptide in vitro, immunization with either murine or human CLIP itself in CFA has failed to prime T cell responses to either CLIP, Der p 1 or Der p 1-derived peptides (data not shown).
Results
Immunization with Derp 1 induces polyclonal Tcell responses to an amino terminal Der p 1 epitope (residues
Comparison of the primary amino acid sequences revealed a high degree of homology between CLIP and the N-terminal region of Der p 1 (Table 1) . MHC class II binding motifs have been predicted based on analysis of the sequences of known l-A b -restricted peptides ( Table 1 ). The homologous regions of CLIP and Der p 1 complies with one predicted motif (41) , where a bulky amino acid (Phe, Tyr or Met) constitutes one anchor residue, separated by two to four variable residues from the second anchor residue, which is a non-polar amino acid residue (either Pro or Ala). Furthermore, it has been proposed that methionine residues in human CLIP may provide important MHC contact residues, facilitating binding to many different MHC class II molecules (42) . This suggests that murine CLIP and the homologous Der p 1 peptide can be presented to T cells in an l-A b -restricted manner. In order to assess whether or not this region of Der p 1 can be recognized by T cells from Der p 1-primed mice, a 15 ammo acid peptide representing residues 15-29 of Der p 1 (p15-29) was synthesized. The p 15-29 peptide has been tested over a wide concentration range and elicits strong in vitro proliferative responses as well as IL-2 production in lymph node cells from Der p 1-primed H-2 b mice (Fig. 1A) , but not from mice primed with OVA (Fig. 1B) .
T cell reactivity to p 15-29 and murine CLIP is retained during long-term in vitro culture
In order to investigate whether or not specificity for p15-29 and CLIP was retained during long-term in vitro culture, the reactivity of Der p 1-specific T cell lines and clones was examined. T cell lines derived from Der p 1-primed mice proliferated in response to p15-29 and CLIP peptide, but more strongly to p15-29 than to murine CLIP, as illustrated by the pattern of responses of the T cell lines F2.2 and F1 ( Fig. 2A and B) . We furthermore isolated a panel of T cell clones from a long-term Der p 1-specific T cell line and selected T cell clones were subsequently subcloned on p15-29 or murine CLIP. All T cell subclones, regardless of the selecting peptide, responded more strongly to p15-29 than to murine CLIP, as illustrated by two representative subclones ( Fig. 3A and B) . The examined clones all produced IFN-y as well as IL-2 upon antigen stimulation and the cytokine response profiles of each clone were qualitatively similar after stimulation with either p15-29 or murine CLIP (data not shown). In order to rule out the possibility that the p15-29-specific cells can be stimulated by any stable l-A b -peptide complex, the responses of the clones to human CLIP were tested. This peptide shares a large degree of homology with murine CLIP and it has recently been shown to induce I-A production or proliferation (Fig. 3 and data not shown) . Furthermore, a set of T cell hybridomas was generated and tested against a wide concentration range of the I-A b -restricted epitope OVA323-339. None of the p15-29/CLIPspecific hybridomas responded to the OVA epitope, as illustrated by a representative hybridoma (Fig. 4A) .
The line F1 was isolated from H-2 b mice immunized with Der p 1, but selected in vitro with splenic APC and the peptide p111-139, which contains the dominant l-A b -resthcted Der p 1 epitope p113-127 (N. Kristensen, unpublished data). Although F1 thus was selected in the absence of the p15-29 epitope it proliferated strongly to p15-29 and murine CLIP as well as to Der p 1 (Fig. 2B) . The outgrowth of p15-29/murine CLIP-specific T cells in this line may be attributed to the combination of bystander help provided by T cells stimulated to release cytokines by the immunodominant epitope and the high number of APC, supplying a sufficient density of CLIP-MHC class II complexes. We observed markedly higher levels of proliferation for T cell lines and clones cultured in the presence of APC than in medium alone (e.g. Fig. 2A and B) . These findings suggest that the T cell reactivity to CLIP and p15-29 may be maintained by splenic APC in the absence of exogenous antigen. Therefore, we investigated the proliferative responses to increasing doses of splenic APC chain
Proliferative responses of p15-29/murine CUP-reactive T cells induced by splenic APC from normal and li deficient mice in the presence and absence of exogenous antigen
The capacity of APC from li chain deficient mice (li"'-) and control heterozygous littermates (li +/~) to present peptides in vivo was examined. Consistent with previous reports we found that APC from the Ir'" mice, though expressing considerably reduced levels of membrane bound MHC class II molecules (35) , could present the peptides p15-29 and murine CLIP as efficiently as APC from li +/ " mice. No responses to human CLIP were observed (Fig. 5A) . T cells from long-term T cell lines and clones were cultured with increasing numbers of APC from either li + '~ or Yr 1 ' H-2 b mice in the absence of exogenous antigen. A dose-dependent increase in T cell proliferation was observed with APC from li + '~ mice. However, the response of the T cells to Yr 1 ' APC was greatly reduced compared to that obtained with equivalent numbers of APC from li +/ " mice ( Fig. 5B) .
Discussion
In this report, we demonstrate that CD4 + T cells specific for a peptide (residues 15-29) derived from a major allergen of HDM, Der p 1, are cross-reactive with an li chain processing intermediate (CLIP, residues 82-104). The observation that immunization with an allergenic protein can stimulate T cell responses to murine CLIP raises the possibility that self peptides may play a role in the maintenance of immunological memory of T cells specific for foreign antigens by generating cross-reactive responses in vivo.
From comparison of the primary ammo acid sequences a region located within the N-terminus of Der p 1 was identified with marked similarity to murine CLIP (Table 1) and it is likely that the homology between the two sequences accounts for the T cell cross-reactivity. The resolution of the crystal structure of the CLIP-HLA-DR3 complex (20) and the reports that CLIP binding to MHC class II molecules has similar kinetics to conventional antigenic peptides, and is influenced by allelic polymorphism (19, 42, 43) It still remains to be resolved if CLIP-MHC class II is constitutively expressed on the surface of normal APC. Nevertheless, p 15-29-specif ic T cells could be induced to proliferate in vitro, in the absence of exogenous peptide by the addition of splenic APC from normal H-2 b mice. If CLIP is the ligand in normal H-2 b APC inducing proliferation it might be expected that splenic APC from lr'~ mice would be unable to elicit a response. The proliferation was greatly reduced with APC from lH" mice; however, it was not completely abrogated. Adding murine CLIP to the Yr 1 -APC restored strong T cell responses. There are several explanations to account for the residual proliferation in the presence of Ir'-APC, including bystander help mediated by the release of cytokines from APC, when added at high density. Additionally, it cannot be excluded that the T cells we describe here can respond to more than one self peptide and it is recognition of unidentified peptides that induces proliferation seen with H-2 b APC in the absence of exogenous peptide. Nevertheless, the finding that CLIP can induce proliferation of T cell clones and lines specific for p15-29, suggests that CLIP is a cross-reactive ligand recognized by these T cells. Moreover, we have subcloned the cross-reactive T cells using murine CLIP and the T cells isolated maintain stronger responses to the HDM peptide than to CLIP. These results would support CLIP as a ligand for the HDM-reactive T cells.
Cross-reactivity between self and foreign antigens occurring in vivo may have the potential to break peripheral tolerance and lead to the induction of autoimmune disease (e.g. 24, 25) . In order to activate self reactive CD4 + T cells foreign peptides must be able both to bind to MHC class II molecules and form productive interactions with the TCR. Recently, it has been described that autoreactive human CD4 + T cell clones specific for MBP could be stimulated in vitro by peptides derived from common human pathogens (26) . The mimetic peptides displayed only limited sequence homology to the MBP peptide, nevertheless, they all stimulated strong proliferate responses in the appropriate T cell clones. If foreign antigenic peptides can activate self reactive T cells through molecular mimicry, then the converse may also be true in that T cells specific for a foreign antigen may be stimulated by mimetic self peptides. Thus T cells primed to selected foreign antigens, such as Der p 1, may be maintained in vivo by recognition of naturally occurring self peptides, which act as weak agonists or altered T cell ligands, when presented on the surface of professional APC. While CLIP may be unable to activate naive p15-29/CLIP-specific T cells, memory T cells which have previously encountered p15-29 may have a lower activation threshold, which enables CLIP to act as an agonist. Signalling through ligation of the TCR by peptide-MHC class II complexes with altered affinities can dissociate selective T cell effector functions (44, 45) . Our results indicate that recall responses to murine CLIP are consistently lower than those to the original antigen p15-29, however, both ligands induce proliferation and similar profiles of cytokine production. Thus, murine CLIP acts as a weak agonist rather than an altered T cell ligand.
The failure of the human CLIP peptide to stimulate the p 15-29-reactive T cells is interesting since murine and human CLIP are more homologous to each other than to the HDM peptide. A recent report has proposed that the minimal epitope necessary for binding of human CLIP to I-A b comprises amino acid residues 117-125, which are identical to the corresponding region in murine CLIP (residues 91-99) (23). Assuming that p15-29 binds to I-A b in a manner similar to human CLIP, comparison of the amino acid sequences of p15-29, murine and the non-stimulatory human CLIP suggests that the primary TCR contact residue could be Gin at position 18 in p15-29, corresponding to position 90 in murine CLIP. At the corresponding position in human CLIP there is a nonconservative substitution of Gin to Lys at position 106 and this change would be sufficient to abrogate T cell recognition if the residue at this position is a primary TCR contact (30) .
It is unlikely that all potential self antigens can be presented in the thymus and evidence suggests that autoreactive T cells are present as a component of the normal peripheral T cell repertoire (46) . It is possible that CLIP-specific CD4 + T cells may escape negative selection and be present in the periphery. However, our own and previous findings have shown that mice immunized with murine CLIP fail to elicit T cell responses (22) . This together with the observation that all of the T cell clones that we studied responded to both CLIP and p15-29 would argue against the existence of a population of peripheral T cells uniquely specific for CLIP.
The central implication of this paper is that T cell crossreactivity between self and foreign antigens exists and that it may be possible to maintain immunological memory to foreign antigens by stimulation of specific memory T cells by self peptides displaying a degree of molecular mimicry. Whether this mechanism may contribute to the chronic nature of some diseases, including allergy requires further study. Our findings may also have an important consideration for the design of peptide vaccines for the therapy of immune disorders as well as for protection against infectious microorganisms.
